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Gamma-ray bursts (GRBs) are thought to result from the interaction of an 
extremely relativistic outflow interacting with a small amount of material 
surrounding the site of the explosion. Multi-wavelength observations covering 
the 7-ray to radio wavebands allow investigations of this 'fireball' model. On 
23 January 1999 optical emission was detected while the 7-ray burst was still 
underway. Here we report the results of 7-ray, optical/infra-red, sub-mm, mm 
and radio observations of this burst and its afterglow, which indicate that the 
prompt and afterglow emissions from GRB 990123 are associated with three 
distinct regions in the fireball. The afterglow one day after the burst has a 
much lower peak frequency than those of previous bursts; this explains the 
short-lived nature of the radio emission, which is not expected to reappear. We 
suggest that such differences reflect variations in the magnetic-field strengths in 
the afterglow emitting regions. 



1. INTRODUCTION 

The current 'industry standard' model for 7-ray bursts and their afterglows is the 
fireball-plus-blastwave model (see Ref. 1 for a review). It invokes the release of a large 
amount of energy, of order M c 2 , into a volume less than 1 light-msec across. This leads to 
a 'fireball' that expands ultra- relativistically (Lorentz factor T ^ 300); when it runs into the 
surrounding medium a 'forward shock' ploughs into the medium and heats it, and a 'reverse 
shock' does the same to the ejecta. The 7-ray burst itself is thought to owe its multi-peaked 
light curve to a series of 'internal shocks' that develop in the relativistic ejecta before they 
collide with the ambient medium. The heated gas is presumed to form relativistic electrons 
and magnetic fields with energy densities near equipartition, i.e., similar to that of the gas, 
and then emit synchrotron radiation 2 . As the forward shock is weighed down by increasing 
amounts of swept-up material it becomes less relativistic, and produces a slowly fading 
'afterglow' of X rays, then UV/optical/IR, and then mm and radio radiation. 

Meszaros & Rees 3 and Sari & Piran 4 pointed out that when the external shock first forms, 
optical emission of ~ 9- 14th magnitude from a reverse shock will be visible during or soon 
after the high-energy burst produced by the internal shocks. Other models have been 
made which lead to an optical brightness of ~ 18th magnitude during the 7-ray burst 5 . 
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Multi- wavelength observations during and immediately after the burst are necessary to 
detect the emissions from the different regions postulated by these models and transitions 
between them. 

The X-ray emission observed with BeppoSAX during the tails of 7-ray bursts is consistent 
with extrapolations backward in time of the X-ray afterglow detected many hours later 6-10 , 
suggesting that the prompt X-ray emission merges smoothly into the afterglow. On the 
other hand, HEAO-1 observed serendipitously a prompt X-ray signal in GRB 780506 which 
disappeared and then reappeared after a few minutes, suggesting a gap between the prompt 
emission and the afterglow 11 . 

The ROTSE detection 12 of prompt optical emission during and immediately after 
GRB 990123 shows that optical observations can address the question of which physical 
region is radiating when. The first ROTSE exposure occurred during the main peak of 
the burst; weaker 7-ray emission was also present during the second and third ROTSE 
exposures, but was no longer detected in subsequent exposures. 

We here present an extensive set of multi- wavelength observations for GRB 990123, which 
cover the 7-ray to radio range and permit an analysis of the relation of the burst's prompt 
emission to its afterglow in the context of the 'fireball' model. 



2. OBSERVATIONS 

2.1. Prompt 7-ray emission 

In Fig. 1 we show the BATSE light curves of GRB 990123 in two energy bands. The 
burst profile is dominated by two peaks, each lasting about 8 seconds (FWHM), separated 
by 12 seconds, followed by a shoulder lasting some 40 seconds. The low-energy emission 
persists longer than the high-energy emission, i.e., GRB 990123 presents a typical case 
of "hard-to-soft" spectral evolution 13 . Particularly striking is the paucity of > 300 keV 
emission during the shoulder. The T 90 duration of the burst 14 , as measured in the 50 - 300 
keV range is 63.30 ± 0.26 seconds. 

Using the BATSE data, we find for the peak flux (50-300 keV) and total fluence (> 20 
keV) values of F max = 3.8 x 10~ 6 erg cm -2 s -1 , and E h = 3.0 x 10~ 4 erg cm -2 . The redshift 
(z = 1.61) of the optical afterglow, obtained from Fe and Mg absorption lines 15 implies a 
minimum luminosity distance of 11 Gpc, and a total rest-frame (> 20 keV) 7-ray energy of 
4 x 10 54 erg, using Hq = 70 kms -1 Mpc -1 , and Qq = 0.3 and assuming isotropic emission. 
To investigate the relation between the optical emission detected with ROTSE and the 
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7-ray burst we made spectral fits to the 7-ray data during the time intervals corresponding 
to the first three ROTSE images. Fig. 2 compares our gamma-ray fits to the simultaneous 
optical observations by ROTSE. Extending the low-energy power-law to optical frequencies, 
even allowing for the slope uncertainties, we find that in all three spectra the optical points 
fall well above the low-energy extension of the 7-ray spectrum, independent of the slope of 
the latter. 



2.2. Multi- wavelength afterglow emission 

We observed the afterglow of GRB 990123 in optical, infra-red, sub- mm, mm and radio 
passbands (see Tables 1, 2 and 3). The optical R-band light curve after the first 0.1 day is 
well described by a power law decay, F v = F$ ■ t a (t is the time since the burst): we find 
a = —1.12 ± 0.03 (Xr = 30/28). To account for the presence of light from the underlying 
host galaxy 16 we have also fit a model consisting of a power-law decay plus a constant flux; 
we find a = -1.14 ± 0.03 and R host > 24.9 (Xi = 30/27). The infra-red observations show 
a decay that is consistent with that in the R-band; an = —0.94 ± 0.22 and (from Ref. 17) 
a K = —1.14 ± 0.08. The late-time power law decay connects smoothly with the last three 
data points of the ROTSE observations (Fig. 3), but not with the first three: the slope of 
the light curve before these three points is much steeper. 

We detect the radio afterglow at 4.88 GHz at the improved optical position 18 , using 
the Westerbork radio telescope. An r.m.s.-noise weighted flux density average gives 
-P4.88GHZ = 118 ± 40yuJy (average epoch January 24.46 UT). After January 26 we do not 
detect the source at 4.88 GHz (-F4.88GHZ — — 7 ± 31/iJy; weighted average of the January 26, 
28 and 29 data). Similar behavior was observed 19 at 8.46 GHz: initially the source was not 
detected (<68 /iJy; 2a; January 23.63 UT), then it was detected (260 ± 32 /xJy; January 
24.65 UT) and not detected after January 26. Such radio behavior is unique, both for its 
early appearance as well as its rapid decline. The source was not detected at 1.38, 15, 85, 
140, 225, 350 and 670 GHz (see Table 2). 

We have reconstructed the radio to X-ray afterglow spectrum on January 24.65 UT (see 
Fig. 4). This interval was selected for the long wavelength coverage possible at the only 
time of radio detections. Describing the spectrum by a power law (F u oc u 13 ) we find that in 
the optical range (3 = —0.75 ± 0.23, between the optical and X-ray wavebands the spectral 
slope is (3 = —0.67 ± 0.02, while in the radio range the spectrum rises as (3 = +1.4 ± 0.7. 
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3. DISCUSSION 

Among the six GRBs with known redshifts one other (GRB 980329) has a total energy 
(assuming isotropic emission) in excess of 10 54 erg 20 . Of course, beaming of the 7-ray 
emission (i.e., strongly anisotropic emission) may make the total energy substantially 
smaller, and until we have a good understanding of beaming the total energy is not a severe 
constraint on theoretical models of the initial explosion. 

If one assumes that the ROTSE emission comes from a non-relativistic source of size ct, 
then we can obtain a lower limit to the brightness temperature since the restframe 7& cannot 
exceed the Compton limit of 10 12 K. The observed T b ^ 10 17 K, is a factor T 3 times the 
restframe value, which means that the bulk Lorentz factor, T ^ 50, confirming the highly 
relativistic nature of the GRB source. In view of this, and the independent evidence 2 ' 21 ' 22 
that GRBs and their afterglows are emitted by relativistic shocks, we will discuss our results 
in terms of this 'fireball' model. 

The ROTSE observations 12 have shown that the prompt optical and 7-ray light curves do 
not track each other. We show that the prompt optical emission detected with ROTSE 
during GRB 990123 is not a simple extrapolation of the 7-ray burst to much lower energies, 
but that there is a smooth connection between the optical emission measured 4.5 minutes 
after the burst and the afterglow detected later. 

The reverse shock could cause emission 3 ' 4 that peaks in the optical waveband and is 
observed only during or just after the 7-ray burst, because the shock takes of order the 
duration of the burst to travel through the ejecta and then stops emitting quickly. The 
observed properties of GRB 990123 appear to fit this model quite well. If this interpretation 
is correct, GRB 990123 would be the first burst in which all three emitting regions have 
been seen: internal shocks causing the 7-ray burst, the reverse shock causing the prompt 
optical flash, and the forward shock causing the afterglow. The relatively smooth connection 
between the prompt optical emission and the afterglow fits the expectation that the reverse 
and forward shock start at about the same time. This model requires roughly equipartition 
magnetic fields in the ejecta, as does the prompt 7-ray emission. 

The radio emission of GRB 990123 is unique both due to its very early appearance and its 
rapid decline. A look at the broad-band spectrum on Jan 24.65 (Fig. 4) reveals why this 
was so: it is a power law connecting the X-ray to optical wavebands, which peaks in the 
several tens of GHz range and turns over towards even lower frequencies. The synchrotron 
peak frequency does not fall very much above, or is even below, the radio waveband. This 
location is very different from that of GRB 970508, for which the peak was still in the mm 
region after 12 days 2 , and that of GRB 971214, for which the peak was in the optical/near 
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infra-red waveband after 0.6 days 23 . We infer from this that the synchrotron peak frequency 
may span a large range in 7-ray burst afterglows. The rapid decline of the radio flux, 
caused by the low value of v m , may explain why some 7-ray bursts are not detected at radio 
wavelengths. 

Regardless of the location of the peak, the steeply rising radio spectrum implies that the 
self-absorption frequency, u a ~ 30 GHz, similar to earlier bursts. In relativistic blast wave 
models 24 the flux at the peak is constant during the blast wave evolution, although the peak 
frequency decreases rapidly, as t~ 3 / 2 . In Fig 4. two possible low frequency extrapolations 
are shown. Both have a self-absorption frequency, z/ a , close to the radio, but the lower one 
still has a synchrotron peak frequency, v m > z/ a ~ 30 GHz, so that there is an optically 
thin synchrotron regime, where the spectrum follows the standard low-frequency power 
law F v oc z/ 1 / 3 . This implies that the radio flux should still rise after Jan 24.65, clearly 
inconsistent with the non-detections a few days after Jan 24.65. The second possibility is 
that z/ m < z/ a already on Jan. 24.65; then the flux at frequencies at and below z/ a would 
follow the optical decline if z/ a were constant. However, z/ a now begins to fall somewhat as 
well, and this will lessen the rate of decline at frequencies below z/ a (very much below z/ a 
it even rises). Here we estimate that on Jan 24.65 the synchrotron peak frequency was at 
about 30 GHz, as was z/ a , causing a decline of the VLA and WSRT fluxes approximately as 
t~ a9 . The first non-detections by the VLA 19 and WSRT after their respective detections 
are consistent with that decay rate. 

The peak flux on Jan. 24.65 (Fig. 4) is less than 2 mJy, while the last three ROTSE 
exposures have fluxes of ~ 10 mJy. If these exposures captured the early afterglow, 
the peak flux apparently decreased between 7.5 minutes and ~ 1.2 days after the burst, 
contrary to the prediction of a constant peak flux during the blast wave evolution. There 
are, however, several possible explanations for the apparent decrease of the peak flux. If 
the peak frequency is less than the self-absorption frequency z/ a , then the peak flux will 
be lowered relative to its unabsorbed value. Or part of the ROTSE flux could be due to 
a decaying prompt optical component and thus the afterglow component at t = 7.5 min. 
could be less than 10 mJy. Finally, the afterglow peak flux may truly decay with time. The 
data, therefore, do not allow a strong distinction between a constant and a decreasing peak 
flux of the afterglow spectrum. 

A comparison of GRB 990123 with other well-studied GRBs suggests some patterns. The 
cooling frequency of GRB 970508, which separates quickly cooling synchrotron electrons 
from slowly cooling ones, was in the optical/near infra-red after 1.5 days 2 . For GRB 990123 
and all other bursts in which the optical-to-X-ray afterglow spectrum could be reconstructed 
for the few days after the burst, any cooling break was located at or above X-ray frequencies. 
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Both a higher cooling frequency and a lower peak frequency can be explained by a difference 
in one shock parameter: the magnetic field in the forward shock region. The lower field 
also causes a lower peak flux 24,25 , which with the low peak frequency conspires to make the 
radio emission weak and brief. The field energy density for the radio-quiet GRB 971214 is 
estimated to be less than 10~ 5 times the equipartition value, and more than 1000 times 
weaker than in GRB970508 25 ; the value for GRB 990123 may be as low as 10~ 6 times 
equipartition. This suggests we should distinguish between low-field afterglows, which are 
short and dim in radio, and high-field afterglows, which are bright and long-lived in radio. 
The absence of detected radio emission in previous bursts with afterglows can then be 
explained by assuming they were low-field afterglows. We conjecture that such differences 
in field strength reflect differences in energy flow from the central engine, e.g., in the form 
of a Poynting wind. 
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Fig. 1. — The two panels show the BATSE light curves of GRB 990123 in two energy ranges, 
25-230 keV (top) and 320-1800 keV (bottom). Times are relative to the BATSE trigger time 
of UT 9h 46m 56.1s on January 23. The vertical lines indicate the time intervals of the first 
three ROTSE observations 12 . 
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Fig. 2.— Optical flux and gamma-ray spectra for the time intervals of the 3 ROTSE 
observations. The gamma-ray curves (solid) are fits to BATSE spectra using the Band 
function 26 , which consists of a low-energy power law with an exponential cutoff which merges 
smoothly with a high-energy power law. The curves for the first (third) time interval have 
been shifted up (down) by a factor of 1000. The data point on the left is the reported 
ROTSE magnitude converted into a flux density in the middle of the V band. The dashed 
curves on the low energy end of the gamma-ray spectra show the 3<r variations in the low 
energy spectral index. The dot-dashed curves are the extrapolation of the optical flux to 
the X-ray band using the power law which connects the observed optical and lowest-energy 
7-ray fluxes for the first ROTSE time interval. 
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R-band lightcurve of GRB 990123 
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Fig. 3. — R-band light curve of the afterglow of GRB 990123. The filled circles indicate 
results of our observations. The open circles are data taken from Refs 27-33: we determined 
the corresponding magnitude for our calibration. The dashed line indicates a power law fit 
to the light curve (for t > 0.1 days), which has exponent —1.12 ± 0.03. Also included are 
the ROTSE data 12 . ROTSE uses an unfiltered CCD, but an equivalent V band magnitude 
is reported; here we adopted a 0.1m error for the ROTSE data points and assuming a 
constant color we have applied a color correction of V-R = 0.35 ± 0.14. The power law fit is 
extrapolated backward; it gives a splendid description of the last three ROTSE data points. 
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broadband spectrum of GRB990123 at Jan 24.65 UT 
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Fig. 4. — The spectral flux distribution of the afterglow at 1999 January 24.65 UT. Shown 
are the WSRT 4.88 GHz detection (this paper), the VLA 8.46 GHz detection 34 , the KPNO 
4-m U band, WIYN B,V,R and I and UKIRT H observations (this paper), the K band 
detection 17 , and the X-ray (2-10 keV) flux 35 . Also shown are the Ryle 15 GHz, PdBI 86 and 
230 GHz and the JCMT 220 GHz 2-cr upper limits (this paper; we scaled these values back to 
the central time of the epoch by assuming that the source flux exhibits a t~ 1A decay, i.e., we 
used conservative limits). The photometric calibration has been taken from Ref. 36 for B, V, 
R and I and Ref. 37 for H. We corrected the optical fluxes for Galactic foreground absorption 
(Ay = 0.053, as inferred from the dust maps of Ref. 38). If more than one value per filter was 
available around the central time of the epoch, we took their weighted average. All values 
were brought to the same epoch by applying a correction using the slope of the fitted light 
curve. We fitted the resulting optical to X-ray spectral flux distribution with a power law 
and an exponential optical extinction law, F u oc u f3 e~ T , where we assume that the extinction 
optical depth, r oc v. The fit provides a negative extinction (Ay < 0.19; 90 % confidence) and 
was subsequently fixed at zero. We find (3 = — 0.67±0.02 (Ay = 0; x? — 6/7); indicated is the 
resulting fit. Also shown for reference are two possible extrapolations of the low-frequency 
part of the spectrum: (i) a self-absorbed spectrum F v = F^ a (z//z/ a ) 2 (l — exp[— (z//z/ a )~ 5 / 3 ]) 
(Ref 39), for a self-absorption frequency, v a = 7.5 GHz and a flux density, F Usi = 350 /xJy, 
and (ii) the classic spectrum of a self-absorbed radio source with asymptotic spectral index 
+5/2. Note that realistic spectra are much rounder at the peak than the simple broken 
power law spectra shown (see the discussion for the details). 
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Optical and Infra-red observations of GRB 990123 

UT date magnitude filter exp. time telescope/reference 



(1999 Jan) 








(seconds) 




Jan 23.970 


19.58 ± 


0.14 


R 


3600 


UPSO 1-m 


Jan 24.028 


20.42 ± 


0.10 


B 


3000 


UPSO 1-m 


Jan 24.999 


21.82 ± 


0.12 


B 


3600 


UPSO 1-m 


Jan 25.029 


21.14 ± 


0.16 


V 


600 


UPSO 1-m 


Jan 24.066 


20.38 ± 


0.26 


B 


120 


Wise 1-m 


Jan 24.062 


19.94 ± 


0.13 


R 


600 


Wise 1-m 


Jan 24.081 


20.08 ± 


0.11 


R 


600 


Wise 1-m 


Jan 24.110 


20.14 ± 


0.14 


R 


600 


Wise 1-m 


Jan 24.116 


20.02 ± 


0.09 


R 


600 


Wise 1-m 


Jan 25.079 


20.82 ± 


0.15 


R 


900 


Wise 1-m 


Jan 25.092 


21.75 ± 


0.21 


B 


1200 


Wise 1-m 


Jan 25.105 


20.95 ± 


0.16 


R 


900 


Wise 1-m 


Jan 24.198 


20.12 ± 


0.06 


R 


1000 


JKT 


Jan 24.210 


20.14 ± 


0.05 


R 


1000 


JKT 


Jan 24.222 


20.16 ± 


0.06 


R 


1000 


JKT 


Jan 24.456 


20.60 ± 


0.06 


R 


900 


WIYN 


Jan 24.477 


20.55 ± 


0.04 


R 


600 


WIYN 


Jan 24.487 


20.14 ± 


0.08 


I 


600 


WIYN 


Jan 24.496 


20.89 ± 


0.06 


V 


600 


WIYN 


Jan 24.505 


21.21 ± 


0.04 


B 


600 


WIYN 


Jan 24.515 


20.57 ± 


0.04 


R 


600 


WIYN 


Jan 24.544 


20.96 ± 


0.08 


V 


600 


WIYN 


Jan 24.553 


20.58 ± 


0.05 


R 


600 


WIYN 


Feb 3.519 


23.57 ± 


0.35 


R 


900 


WIYN 


Feb 3.533 


> 22. 


8 


I 


900 


WIYN 


Feb 7.513 


23.59 ± 


0.15 


R 


3500 


WIYN 


Feb 8.460 


24.00 ± 


0.15 


R 


3600 


WIYN 


Jan 24.497 


20.34 ± 


0.10 


U 


900 


KPNO 4-m 


Jan 24.660 


19.14 ± 


0.13 


H 


1020 


UKIRT 


Jan 27.660 


20.39 ± 


0.26 


H 


1080 


UKIRT 



Table 1: The log of the optical and infra-red observations. Eight reference stars (see Tabic 3) were used to obtain the 
differential magnitude of the optical transient (OT) in each observation. Telescopes: WIYN 3.5-m telescope at Kitt Peak 
(WIYN), Uttar Pradesh State Observatory 1-m telescope (UPSO 1-m), Wise Observatory 1-m telescope (Wise 1-m), Jakobus 
Kaptcyn Telescope, La Palma (JKT), Kitt Peak National Observatory 4-m Mayall telescope (KPNO 4-m), United Kingdom 
Infra-Red Telescope, Hawaii (UKIRT). Instruments and CCDs used: UPSO 1-m: CCD Camera, 512 X 512 CCD, 0.76 "/pixel; 
Wise 1-m: TEK lk X lk CCD, 0.70"/pixcl; JKT: TEK 2k X 2k CCD, 0.33"/pixel; WIYN: TEK 2k X 2k CCD, 0.197" /pixel; 
KPNO 4-m: 8k x 8k CCD Mosaic Camera, 0.258" /pixel; UKIRT: IRCAM3 with FPA42 256 x 256 detector, 0.29"/pixcl. 
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Radio and (sub) mm observations of GRB 990123 



Frcq UT date 1999 duration flux Reference 

(central) (hours) microjansky 



1.380 


Jan 


27.20 


8.4 


37 ± 22 


WSRT 


4.88 


Jan 


24.28 


12 


104 ± 42 


WSRT 


4.88 


Jan 


25.47 


2.9 


164 ± 100 


WSRT 


4.88 


Jan 


26.29 


1.4 


-65 ± 130 


WSRT 


4.88 


Jan 


28.27 


12 


-3 ± 41 


WSRT 


4.88 


Jan 


29.17 


7.4 


-9.3 ± 55 


WSRT 


4.88 


Jan 


30.27 


12 


-74 ± 44 


WSRT 


4.88 


Jan 


31.26 


12 


20 ± 41 


WSRT 


4.88 


Feb 


6.25 


12 


30 ± 44 


WSRT 


4.88 


Feb 


7. 13 


6.7 


112 i 85 


W oRl 


8.46 


Jan 


23.63 




<68 (2a) 






Jan 






Ofin -t- 


VLA 


8 46 




26 






VLA 


8.46 


Jan 


27 




<50 (2a) 


VLA 


8.46 


Jan 


28 




<50 (2a) 


VLA 


15.0 


Jan 


25.26 


9.9 


160 ± 180 


Ryle 


15.0 


Jan 


26.27 


10.4 


-12 ± 180 


Ryle 


15.0 


Jan 


29.20 


6.4 


-197± 200 


Ryle 


15.0 


Jan 


30.40 


3.7 


106 ± 420 


Ryle 


15.0 


Jan 


31.39 


3.8 


48 ± 300 


Ryle 


15.0 


Feb 


4.39 


3.6 


378 ± 270 


Ryle 


15.0 


Feb 


6.37 


4.1 


-140 ± 300 


Ryle 


15.0 


Feb 


8.36 


2.8 


-16 ± 280 


Ryle 


86.27 


Jan 


25.18 


4.5 


(1.0 ± 2.9)xl0 2 


PdBI 


232.0 


Jan 


25.18 


4.5 


(-1.6 ± 1.2) xl() 3 


PdBI 


86.27 


Feb 


1.47 


4.5 


(-5.0 ± 3.1) xl() 2 


PdBI 


212.6 


Feb 


1.47 


4.5 


(0.4 ± 1.3) X10 3 


PdBI 


86.27 


Feb 


4.06 


3.5 


(-0.3 ± 4.8) X10 2 


PdBI 


231.5 


Feb 


4.06 


3.5 


(-2.7 ± 4.3) xl() 3 


PdBI 


86.64 


Jan 


28.54 


0.42 


(-4.1 ± 9.1) X10 3 


Pico Veleta 


142.3 


Jan 


28.54 


0.42 


(-3.7 ± 3.3) X10 4 


Pico Veleta 


228.9 


Jan 


28.54 


0.42 


(-0.9 ± 1.9) X10 4 


Pico Veleta 


86.64 


Jan 


30.53 


1.42 


(8.5 ± 3.5) X10 3 


Pico Veleta 


142.3 


Jan 


30.53 


1.42 


(1.0 ± 2.9) X10 4 


Pico Veleta 


228.9 


Jan 


30.53 


1.42 


(1.3 ± 1.2)xl0 4 


Pico Veleta 


222 


Jan 


24.68 


0.65 


(-4.1 ± 2.5) X10 3 


JCMT 1 


222 


Jan 


27.83 


0.62 


(0.7 ± 1.9) X10 3 


JCMT 1 


353 


Jan 


27.89 


1.25 


(-3.3 ± 1.2) X10 3 


JCMT 1 


353 


Jan 


29.88 


1.0 


(0.8 ± 1.5) X10 3 


JCMT 1 


353 


Feb 


4.83 


0.7 


(4.9 ± 1.5) X10 3 


JCMT 1 


353 


Feb 


5.85 


1.5 


(1.2 ± l.l)xl0 3 


JCMT 1 


666 


Jan 


27.88 


1.0 


(-0.2 ± 1.7) X10 4 


JCMT 1 • 2 


666 


Jan 


29.87 


0.75 


(-0.8 ± 2.3) X10 4 


JCMT 1 • 2 


666 


Feb 


4.82 


0.5 


(1.5 ± 1.8)xl0 4 


JCMT 1 • 2 



Table 2: Summary of the radio and (sub) mm observations of GRB 990123. Westerbork Synthesis Radio Telescope (WSRT): 
We used the Multi-Frequency Front Ends (MFFEs) 1 at 4.88 and 1.38 GHz, and the DCB continuum correlator, providing us 
with 8 bands of width 10 MHz at each frequency. The data were calibrated using interleaved observations of 3C 48, 3C 147 and 
3C 286 40 . VLA data are taken from Ref. 19. IRAM Plateaux de Bure Interferometer (PdBI) 41 : Observations were done in 
five antenna configurations, on January 25 in 5B1 and on February 1st, in 5B2. Spectral bandwidth of the dual frequency SIS 
receivers at 86.2 GHz was 560 MHz (LSB tuning), and 310 MHz (DSB tuning) at frequencies above 210 GHz. Good weather 
conditions allowed to use the atmospheric phase correction system to improve the signal to noise ratio. Results are given for 
position-fixed point source fits. Pico Veleta: Observations with the IRAM 30-m telescope on the Pico Veleta in Spain 42 were 
done at 86.638, 142.33 and 228.930 GHz in wobbler switching mode with SIS receivers connected to the 1 GHz backends. Flux 
calibration was relative to W3 (OH) 43 , using the gain-elevation curve from Ref. 44. James Clerk Maxwell Telescope (JCMT): 
Observations were made using SCUBA 45 in the photometry mode, as for previous bursts 46 . At 450/850 fim, GRB 990123 was 
in the central pixel of the arrays (at 1350 (im there is only one bolometer). The secondary was chopped between the source 
and sky at 7 Hz to take out small relative DC drifts between the bolometers and remove large-scale sky variations. The opacity 
at 450 and 850 fim was measured from skydips while using the continuously monitored 1.3 mm opacity as a guideline of any 
trends between the skydips. For the absolute flux calibration the gain was measured using Mars. The 3.3(7 result at 353 GHz 
on Feb 4.76 UT is presumably a statistical fluctuation, since the result was not confirmed the following day. 

l.The "integration" time always refers to the on-source plus off-source time. An 18 sec integration thus amounts to 9 sec 
on-source observation time. 2. The last 450/850 measurement was excluded from the 450 reduction because of the low elevation 
of the source. 



ID 


A R.A.(") 


A Decl.(") 


U 


B 


V 


R 


I 


H 


1 


-34.30 


24.33 


15.38 ± 0.01 


15.45 ± 0.01 


14.88 ± 0.01 


14.57 ± 0.01 


14.28 ± 0.01 


13.54 ± 0.01 


2 


-92.37 


53.94 




17.84 ± 0.04 


16.83 ± 0.01 


16.00 ± 0.01 


15.23 ± 0.02 




3 


-96.92 


48.55 


16.88 ± 0.02 


16.97 ± 0.02 


16.34 ± 0.01 


15.93 ± 0.01 


15.57 ± 0.01 




4 


49.55 


30.08 






20.34 ± 0.22 


19.66 ± 0.37 


18.07 ± 0.40 




5 


-15.19 


-29.00 






20.76 ± 0.32 


19.76 ± 0.51 


19.09 ± 0.55 


17.37 ± 0.03 


6 


23.94 


-89.03 




19.80 ± 0.23 


18.95 ± 0.06 


18.56 ± 0.10 


18.23 ± 0.13 




7 


-30.64 


-74.52 






19.86 ± 0.15 


20.08 ± 0.32 


20.09 ± 0.46 




8 


64.13 


-81.67 


16.12 ± 0.01 


16.18 ± 0.01 


15.52 ± 0.01 


15.14 ± 0.01 


14.82 ± 0.01 





Table 3: The magnitudes and offset from the OT in arc seconds of the eight comparison stars used. The error listed 
is the quadratic average of the measurement error (Poisson noise) and the error originating from measuring the OT 
with respect to several reference stars. Not included is the calibration error, which we estimate to be 0.10. The V, R 
and I band images were calibrated using JKT images of the Landolt PG1528+062 and SA98 fields 47 . The Landolt star 
SA104-335, imaged on Feb. 3.21 UT with the JKT, was used for the U band calibration. We also calibrated the GRB 
field in B, V, R and I with images taken with the KPNO 0.9m, around Feb. 29.07 UT. The V, R and I calibration 
agrees within 4 percent for the brighter reference stars with the JKT values. We adopt the V, R and I calibration of 
the JKT and the B of the KPNO 0.9m. For the H band the standard star FS21 (Ref. 48) was observed during the two 
nights the OT was detected. 



